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TERAHERTZ AND MID-INFRARED PROBING APPARATUS WITH HIGH 

REPETITION RATE PULSES, AND METHODS OF USING SAME 

' 1%fS /'5 4 CoH^^i»^ - Co - CrP VS- f^/tnf 

[0001] The invention is directed to improved laser systems, and in particular, 

methods and apparatus for both the imaging an internal media for studying objects, e.g., 
medical imaging, and external probing of pre-surfaces region for studying objects, e.g., 
radar and the like. 

[0002] The invention provides methods for producing and using terahertz or 

infrared pulses by accelerating charged particles so as to establish a positive net emission 
of electromagnetic radiation. In accordance with the invention the method comprises the 
a manipulating means for driving accelerated particles, a transforming means for 
transfiguration of initial em-beam into delayed electromagnetic wave and also to provide 
converting kinetic energy of charged particles into an energy of the same delayed 
electromagnetic wave. The steps of transfiguration and converting take place 
simultaneously in the same interaction region, which has been formed by wave-guiding 
structure. Said transforming means may be implemented, e.g., as said wave-guiding 
structure having suitable geometric configuration and dielectric/metal properties. Said 
manipulating means may be implemented, e.g., as a deflector, which is driven by small 
voltage; alternatively, a "buncher" or other charged particles beam's properties changing 
system can be used for said manipulation. 

[0003] Exploitation of the pulses is permits them to be directed as a sequence of 

pulses into the object or media being studied and analyzing the data. The pulses are 
detected by detecting means after passing the sequence through the object. Alternatively, 
data can be collected and analyzed by detecting means that register the pulses redirected 
(e.g., reflected, refracted, scattered, etc.) from the object or media being studied. 
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BACKGROUND OF THE INVENTION 

1. General State of the Art 

[0004] Vacuum electronic devices are successfully operating up to 100 GHz 

(wavelengths of approximately 3 mm and higher). For example, research groups, which 
develop the high power generators of Giroklystron type, demonstrated significant 
progress during past several years. Optical range up to the near-infrared band 
(wavelengths -10 micron and less; frequencies ~ 30 THz and more) use solid-state 
devices including semiconductor lasers and gas powerful lasers for wave generation. The 
terahertz band of the electromagnetic (E-M) spectrum exists between the mid-infrared 
band and the microwave band. Loosely defined, the terahertz band encompasses that part 
of the frequency spectrum that includes the frequencies ranging from about 0.3-10.0 THz, 
or equivalently, the wavelengths ranging from about 1.0-0.03 millimeters. In the art, the 
terahertz band is also known as the far-infrared band or the sub millimeter band. 

[0005] The terahertz band is one of the last spectral regions where compact, 

powerful, coherent sources are available. High-performance t-ray systems, such as 
periodically-probing sensors or fast-made imaging systems, need robust pulsed t-ray 
sources having tunable, precision narrow-band, low cost means for driving the radiation 
power. THz (or far-infrared, or sub millimeter) and mid-infrared (3.0 - 30.0 micron) 
wavelength ranges are of interest both for quantum electronics developers and vacuum 
electronics ones, because of absence devices and systems that can utilize these 
frequencies for scanning or imaging. Although the range is important for both civilian 
and military applications., there has as of yet been little implementation, however, since 
many cases such applications require producing radiation having the form of sequence of 
pulses with high repetition rate. 
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2. Quantum Electronics Devices 

[0006] Common quantum electronics methods for the generation of mid-IR or 

THz radiation are mostly based on high-energy, ultra-short laser pulses, which take 
irradiating influence either on unbiased or biased solid-state (semiconductor or nonlinear) 
crystals. Also, THz emission from unbiased helium gas has been reported [1] and the 
first demonstration of the generation of THz radiation by photo-ionization of electrically 
biased air with high-energy fs-pulses was presented [2]. 

[0007] Until recently, only thermal incoherent optical sources emitted a 

significant amount of light in the mid-infrared or terahertz band of the frequency 
spectrum. Within the last few years, several types of THz coherent optical sources have 
been developed for pulsed and continuous- wave applications. These THz coherent optical 
sources include direct coherent sources (DCS), electronically mixed electronic oscillators 
(EMEO), electronically mixed optical oscillators (EMOO), and optically mixed optical 
oscillators (OMOO). In the most successful today's case for affordable THz crystal- 
emitted coherent light source the output power is less than 10 microwatts, while a laser 
pump power of about 0.1 - 1.0 W [3]. Pump lasers have been demonstrated that produce 
initial radiation in the form of pulse having duration from ~ 1 ns to ~ 0. 1 ps, at that, 
repetition rate for such pulses is usually equal to 1 kHz [4]. One-time pulsing pump lasers 
having integration time -10 s were first in use, while the THz signals with working at 
full repetition rate 64 MHz has also been observed [5]. 

3. Relativistic Vacuum Electronics Devices 

[0008] THz radiation (as it shown by quantum systems' uses) can be initiated by 

a laser's fast pulse, and alternatively can be initiated by short relativistic electron bunches 
that produce terahertz Smith-Purcell (SP) radiation, terahertz Cherenkov radiation or 
terahertz wake fields - such emission takes place into the particle accelerating structures 
[6,7,8]. The idea to use the radiation of fast moving electrons has been recognized by 
vacuum electronics developers, who try to implement an accelerator approach into 
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traditional microwave electronic scheme for maicing a workable wavelength shorter, up to 
a level that produces t-rays. In this manner, the so-called Submillimetre-Wave Reflex 
Klystron [9], 1200 GHz Nanoklystron [10] and several other vacuum devices [1 1,12] 
have been developed during recent years. 

[0009] Also there has been recent progress into the development of the vacuum 

tube type Generators of Diffractive Irradiation (GDI) toward THz region [13] as well as 
into development of very similar device, such as Smith-Purcell Free Electron Laser [14]. 
Initially GDI was in used in microwave band, while SP FEL had been designed for 
infrared band, especially. GDI and SP FEL might be joined into one generating type with 
near- field Cherenkov generator [15], because all these devices use a resonance surface 
mode for energy exchange between relativistic electrons and t-wave. All generators of 
this type are called as Over-Light Speed Effect (OLSE) devices. OLSE (Smith-Purcell, or 
Cherenkov, or Diffractive, or so-called Transition Radiation [ 1 6]) of any kind consists of 
charged particle radiation, when velocity of particle moving is higher than speed, with 
which the front of electromagnetic wave is transferred (higher than phase speed of light). 
Regular Free Electron Lasers (FEL), having the necessary undulator with a very high 
magnetic field of sophisticated configuration are rather expensive, but SP FEL or GDI 
does not require use of such field. Also, a regular FEL is of much larger physically 
compared with GDI/SP FEL. 

[0010] Klystron type generator as well as regular FEL can emit sequence of THz 

pulses. For this purpose a special cathode or electron gun should be used, which produces 
a sequence of the electron bunches. However, producing of these bunches is also rather 
expensive, while repetition rate for THz pulses has not achieved high value in any of such 
generators. 

[0011] The current of an electron beam, which is needed for forming the pulses 

into OLSE schemes, and robust repetition rate, which can be reached, are quite 
appropriate to be realized and detected by technology known in the art, as demonstrated 
below. 
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1. Comparison of threshold current into GDI, SP FEL and Grating Cherenkov schemes 

[0012] First, GDI was simultaneously developed with Orotron four decades ago 

and had very similar design. Many kinds of GDI have been proposed by Shestopalov's 
group [17,18,19,13], including metal grating on metal slab, metal grating on dielectric 
slab, dielectric grating on metal slab, GDI with several gratings, GDI with several 
electron beams, etc. Workable idea for all of these devices consists in an exploitation of 
the energy exchange between electron beam and irradiated field, at that, the exchange is 
provided through electromagnetic surface wave (ESW), which takes place into small 
spatial region near the grating. 

SP FEL, which had subtle difference with one-beam metal grating GDI, was 
experimentally studied by Walsh and Brownell [20,21,14]. 

• [0013] The simplest analytical expression, which satisfactory describes metal 

grating GDI or SP FEL, has been received by Kim and Song [22]. They have obtained 
formula for growth rate "\x", which can be written as: 

2|a=(4n/pp/ r/ )*SQRT(exp2*EM)*SQRT((i^)/(X*W)) (Fl), 

where "p"=v/c; 

"c" is speed of light; 

"v" is the velocity of electron cp-beam, which equals to phase speed of 
evanescent mode ESW; 

y - is the relativistic factor of electrons in cp-beam; 
"X" is wavelength of initial em-beam's field in free space; 
"h" is the dimension of electron cp-beam in x direction (half-thickness); h « X; 
"W" is the dimension of electron cp-beam in y direction (width); 
"b" - is the height of passing of electron cp-beam over the grating surface; 
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"1" is longitude of space in z direction, where electron cp-beam interacts with 
ESW of em-beam; 

"i" is electric current of the cp-beam; 
c T'=17kA is the Alfven current; 
ex P 2=exp(-(47i/py)*(b/X)); 

EM - is the element of a refraction matrix of the metal grating, which provides 
the "quality" of coupling between electromagnetic field and electron cp-beam. In the 
optimal case Kim takes exp2*EM=~0.1. Kim's theory is satisfactory corresponded with 
most experimental data. 

[0014] Khizhniak and Zhilkov have studied and patented the device, which uses 

ESW over the dielectric grating in the case of total internal reflection [23,24,25]. They 
found so-called resonance transformation of spatial wave into ESW by such Grating 
Cherenkov Scheme (GCS). For GCS can be used formula, which is similar to (Fl), but 
EM should be changed on ED - the element of a refraction matrix of the dielectric 
grating. In optimal case ED can reach -1.0, e.g. "quality" of coupling between 
electromagnetic field and electron beam over the dielectric grating up to several times 
more, than over the metal grating. Main reason, which explains this fact, is following: 
GCS uses single mode regime of field versus two modes regime in metal grating GDI/SP 
FEL. 

[0015] Analysis of threshold current for metal grating GDI/SP FEL is made in the 

numeric example, when kinetic energy of electrons is equal to 32keV; phase velocity of 
ESW is equal to p=v/c=0.34 in this case. Longitude of interaction region "1" is squeezed 
up to accessible limit. Limit is determined by minimum as possible of diameter of gauss 
optical beam and equals to couple of tens of optical wavelengths, e.g. 1=1 0mA., where m - 
is a small integer. It's necessary for modulation to reach the growth of intensity of optical 
beam up to 100a percents after passing through the interaction region; a - is a small 
rational, a«l and it is supposed to be 2^1=a. If electron beam is squeezed up to h=0.1A, 
and W=100h=10X, and the "quality" of coupling between optical field and electron beam 
is optimal, then from (Fl) the formula for necessary current in GDI/SP FEL is 
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approximately obtained as i=1.78a*a/(m*m) Amp. As it's seen from this formula the 
13% gain (a=0.13 is enough for smooth modulation purpose) after passing 1=3 OA. (e.g. 
m=3) will be reached, if GDI/SP FEL has current i=3.3 milliamp. So, necessary current 
of metal grating GDI is approximately equal to necessary current of SP FEL, however, at 
the same time the necessary current of resonance GCS is significantly less (~0.3 
milliamp), because optimal GCS has the best "quality" of coupling between optical field 
and electron beam. 

[0016] Of course, for the forming of pulses a deep of modulation should be 

greater than in mentioned-above numerical example. It means that a=0.13 is not enough 
for pulses forming, but it should be equal to a=0.90, approximately. For last case the 
numerical calculation of necessary threshold current is much more difficult, than in the 
case of smooth modulation, but the same conclusion is true: the calculated necessary 
current, which is needed for forming pulses by resonance GCS, is considerably less than 
calculated threshold current of metal grating GDI/ SP FEL. However, recently gotten 
Brownell's experimental results show that generation process by SP FEL is started for 
threshold current, which is three times less, than Kim's theory predicts. So, both GCS and 
GDI/SP FEL might be considered for purpose of effective forming the THz pulses by a 
scheme having reasonable value of electron current. 

2. Achievable repetition rate for OLSE schemes 

[0017] The time of interaction between transformed em-beam field and electron 

cp-beam approximately equals t=l/v=10m*X/(pc)=10m/(pco), where co is a frequency of 
field of em-beam. Consequently, the frequency of modulation of em-beam by electron 
beam can approximately reach: 

Q=l/nt=pco/10nm (F2), 

where "n" is so-called coefficient of packing, which shows the ratio of rather long non- 
modulated (or without-pulses) period to the time of interaction (when pulse is sharply 
appeared, existed and decreased). To be sure in our results, we can rewrite 
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Q<QR ~ 0.001 co = 0.1 % 0) (F3), 

where QR is the robust maximum of frequency of modulation, which can be reached. 

[0018] The using of formula F3 for QR means that, for example, 1 THz continue 

wave beam might be separated into the sequence of t-pulses with repetition rate equaled 
to 1 GHz, while for mid-infrared case having A,=30micron (or co = 10 THz) it might be 
achieved the sequence of quasi-pulses with repetition rate near 10 GHz. Both 1 GHz and 
10 GHz are quite appropriate repetition rate to be registered by the fastest modern 
detectors of THz radiation [26,27], 

[0019] As it follows from F2, the theoretically predictable absolute maximum for 

repetition rate QA might be calculated, if (3 = 0.9, m = 1 and n = 2 (relativistic electron 
beam is used for modulation, while optical beam is squeezed up to 10 X and the without- 
pulses period is equal to a time of interaction). Such QA approximately defines as co / 20 
and equals up to 500 GHz for mid-infrared region. However, the registration of so fast 
500 GHz repetition rate is not achievable by mid-infrared detectors, which have been 
developed until now. 

DESCRIPTION OF THE PREFERRED EMBODIEMNTS , j . 

Cope^M ^'^on fo/i/¥7,2&1 frkcf /hf *h 2ooS ^c^o^/cd 
' J [0020] Effective manipulating means can be implemented into OLSE emitting ^ ^/> e 

scheme and this way the ultra-high repetition rate sequence of THz pulses can be formed. 
1. Modulating process 

[0021] In the case of using of ESW the interaction region has effective longitude 

"1" and height ~(b + h), at that, interaction takes place exactly at the time, when optical 
field, which should be modulate, and electron, beam, which provides modulation, are 
simultaneously present at said region. Controlled modulation of optical field is able to be 



EXPRESS MAIL LABEL: 



1506-P-02 



reach by changing of parameters of interacting electron beam. In particular, before 
interacting process the electron beam is able to be changed by two methods at least: 1) by 
bunching (making discrete density) of electron beam without changing of propagating 
direction; 2) by deflection of electron beam from interaction region and returning to said 
region without changing of current density. 

[0022] As far as first method is concerned, today's FEL / Particle Accelerator 

technique operates by relativistic flat electron bunch having parameters, for example, 
such as h=0.5^m, W=50.0|um, l=30|jm, and i =100kA; also it was recently reported about 
squeezing of bunch up to h -some tens of angstrom and 1/c ~ some tens of atto-second. 
Such bunching is over and above, than it needs for optical modulation, but the making of 
such bunch is very expensive in present time. 

[0023] As a second method, it is can be shown that a simple pair of flat electrodes 

is able to provide necessary deflection/returning of electron beam by using voltage not 
very much than ~1 V. It's well-known if the axis of electron beam is in the middle 
between two parallel flat electrodes when said electrodes have no voltage, than the 
switching on voltage "U" provides deflection of electron beam, at that, in beginning of 
observation region said deflection "d" is proportionally d -(U/y/pP)*Ll*(0.5Ll+L2)/R, 
where LI is length of electrode, L2 is a distance from electrode to observation region, R 
is a distance between electrodes. So, if deflecting electrodes' pair is interposed before 
interaction region (which coincides with observation region) and, for example, p=0.34, 
L1=30A,, R=4h=0.4X, L2=m2*10X, m2 is integer, than d is approximately equal 
d=1.25*(L5+m2)*X*abs(U)/100, where abs(U) is absolute value of U and U should be 
taken in volts. Taking m2=7 previous formula gives d=0.1*abs(U)*X=abs(U)*h and it 
shows possibility of simple manipulating of electron beam presence into interaction 
region. Said manipulating is reached by small voltage, because if electron beam is 
deflected up to some "h" superfluously over conducting ESW surface, then interaction 
practically ceases. Hence, the changing of deflecting electrodes' voltage from zero to "U" 
leads to modulation of optical field and said modulation has the same frequency, as 
frequency of voltage changing. Also for realizing of second method the deflector can be 
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made as standard usual magneto-deflecting system, which has small manipulating 
magnetic field. Both flat-electrodes deflector and magnetic one or, maybe, other similar 
deflecting system do not have some problems in modern technical realization obviously, 
they won't be expensive. 

[0024] If for modulating light producing Smith-Purcell, or Cherenkov, or 

Transition Radiation effect, or any combination of OLSE effects are used, then 
interaction region will be small as well as in previous example, and the simple 
manipulation by free moving electrons is going to provide necessary modulation process, 
as it shows above. 

2. Forming the sequence of pulses 

[0025] The applying of a voltage from saw-tooth oscillator to deflecting 

electrodes will provide predictable manipulation of electron beam and this way necessary 
sequence of pulses is formed. Having, for example, periodically working 1 GHz saw- 
tooth oscillator, it might be achieved the same repetition rate for formed sequence, while 
irradiated field will be of terahertz band. 

[0026] Such periodical driving means are realized at present, for example, in 

vacuum tube type electron guns, which have been recently invented for computers' 
monitors [28], 

[0027] At that, two kinds of the forming of THz pulses should be separated from 

each other: 1) deep modulation of initial terahertz continue wave; 2) direct producing of 
the t-pulses' sequence without initial continue wave. 

EXAMPLES 

1. General definitions 

[0028] Sequence of t-pulses might be used both for 1) the exploration of internal 

media of studying objects and 2) the external describing of studying objects. In first case 
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the pulses are directed into studying object and it has being analyzed the info, which is 
registered by detecting means after passing the sequence through said object. In second 
case info is analyzed by detecting means, which register the pulses redirected from a 
surface of studying object. First-type usage might be applicable for diagnostics of 
plasma, biomedical probation and t-wave imaging in security systems, while second-type 
usage is typical for radar's needs. At the same time both types of usage can be realized 
for other practical applications including industrial process control, nondestructive testing 
and so on. 

2. Diagnostics of plasma 

[0029] It is known that for THz-frequencies the plasma acts as a nearly 

transparent dielectric, with refractive index close to unity. Analysis of the dispersion and 
attenuation of terahertz pulses passing through studying media will enable properties of 
the plasma (collisional damping, electron density) to be characterized in an adequate 
manner [29,30]. 

[0030] More comprehensive info might be received, if the high repetition rate 

sequences of terahertz pulses passing through plasma are analyzed. 

3. T-wave imaging for security systems 

[0031] Imaging of terahertz radiation or "T-rays" represents emerging technology 

with significant potential for advanced, security-related inspection systems. T-rays are 
transmitted by many visually opaque objects and materials but reflected by others, 
permitting complementary imaging in transmissive and reflective modes. Many 
potentially harmful gases and other chemicals exhibit distinctive spectral fingerprints in 
the terahertz region. Together these characteristics permit T-ray-based discrimination 
between harmful and innocuous objects, materials, and chemicals concealed in packages 
and on personnel through the use of safe, low-power, non-ionizing radiation with no real 
or perceived health risks [31], ; ' 
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4. Sensor for medical and bioscience applications 



[0032] 



By combining the approaches, which have been disclosed into two 



previous subsections, a set of sensors for medical and bioscience applications might be 
developed. 

5. THz and mid-infrared radar 



to considerably improve radar's sensitivity, target detection, discrimination and aimpoint 
selection [32]. Such THz and mid-infrared radar related technologies and the associated 
processing techniques are useful both for military purposes and commercial ones. 
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